application from confined animal feeding operations (CAFOs) (Tishmack and Jones, 2003) .
In the U.S., animal manure storage practices include deep pits, anaerobic and aerobic lagoons, aboveground and belowground slurry storage tanks or pits, and dry storage (USEPA, 2001a) , whereas in Canada, manure is generally stored in earthen or concrete storage facilities for six to nine months for the winter season and subsequently applied on farmland in summer (Oleszkiewizc, 2000) . According to the Agricultural Operation Practices Act (AOPA) in Alberta, Canada, the stored manure can be applied on arable, cultivated or non−cultivated land. Under this Act, large and medium−sized CAFOs are required to meet the regulatory guidelines for manure storage, spreading rates, and minimum distance requirements from water bodies and habitations (Alberta, 2002) . However, excessive land application of swine manure may result in off−odors, runoff into surface water systems, or deterioration of soil and groundwater quality (Burkholder et al., 1997; Bromley et al., 2002) .
Apart from its rich nutrient value, swine manure has several components that can pollute water, including oxygen−demanding organic matter, excessive nutrients, and pathogenic microorganisms. One of the major problems of manure land application is the imbalance between nitrogen and phosphorus in swine manure with regard to the plant nutrient requirements, which may cause phosphorus accumulation in the soil (USEPA, 2001b) . Phosphorus is widely regarded as a limiting nutrient responsible for eutrophication of water bodies. The resulting effects of phosphorus buildup due to overapplication of animal manures have been well H documented (Eghball and Gilley, 1999; Sharpley et al., 2000) . Therefore, it was suggested that farmers should take into account the aspects of crop nutrient requirements and the potential for causing adverse environmental impacts while applying animal manure to farmland.
Currently, animal manure management is aimed at developing an efficient, cost−effective, and environmentally friendly technology that can replace or reduce the dependence on conventional land application techniques, especially where applicable farmland area is limited. Solid−liquid separation by physical/chemical treatment can be a good method to reduce the land requirement. The major advantage of the solid−liquid separation is that it enables better management and utilization of both the solid and liquid fractions (Zhang and Westerman, 1997; Worley and Das, 2000) . The nutrient−rich solid fraction can be used to fertilize crops, to produce compost, or to generate energy, while the less−odorous liquid portion after treatment can be applied on farmlands or be reused in the animal barns for cleaning, flushing, and animal drinking purposes, depending on the treated liquid manure quality. Previous bench−scale studies have shown the potentials of physical/chemical treatment with and without biological treatment in animal manure management (Gao et al., 1993; Zhang and Lei, 1998; Ndegwa et al., 2001; Zhu et al., 2004) . For example, Zhu et al. (2004) achieved 35% and 40% removal of TSS and TP, respectively, from liquid swine manure by preliminary settling, alum coagulation, flocculation, and sedimentation at an alum dose of 800 mg L −1 . The removal efficiencies were improved to 60% and 70% for TSS and TP, respectively, when the alum dose was increased to 1600 mg L −1 .
In the present study, filtration was added to the physical/ chemical treatment train previously examined for liquid swine manure treatment. Bench− and pilot−scale studies were conducted to compare the treatment efficiencies and investigate the scale−up effects. Each treatment involved preliminary settling, chemical coagulation, flocculation, clarification, and filtration. To evaluate the effectiveness of the treatment processes, a number of parameters were analyzed, and particle size distribution analysis was performed on the liquid swine manure before and after treatment.
MATERIALS AND METHODS

SWINE MANURE SAMPLE COLLECTION
Swine manure was collected from the Swine Research and Technology Centre (SRTC) located at the Research Station Farm of the University of Alberta, Edmonton, Alberta, Canada. The SRTC has a spread of approximately 5000 m 2 and comprises of over 1500 pigs, including 300 fully grown and 1200+ growing pigs and piglets. Approximately 57 to 76 m 3 (15,000 to 20,000 U.S. gal, including added water) of swine manure is produced and flushed weekly from the swine barns. The facility has two underground holding tanks with a total storage capacity of about 76 m 3 (20,000 U.S. gal). The liquid manure is then pumped to a lift station, which is a concrete underground tank. The raw liquid manure used in this study was collected from the lift station. The liquid manure was treated either at an on−site pilot plant (described later) or in the laboratory. The samples treated at the pilot plant were transported to the laboratory for analyses.
LIQUID SWINE MANURE CHARACTERIZATION
The raw and treated liquid swine manure was characterized by various water quality parameters including total suspended solids (TSS), total dissolved solids (TDS), total phosphorus (TP), total Kjeldahl nitrogen (TKN), and chemical oxygen demand (COD). Five−day biochemical oxygen demand (BOD 5 ) was also measured before the treatment. These parameters were analyzed according to the procedures outlined in Standard Methods for the Examination of Water and Wastewater (APHA, 1995) . For dissolved phosphorus determination, liquid manure samples were passed through special−cut A/E glass filters of 1.0 mm pore size, instead of 0.45 mm pore size filters, because of clogging. An Ultrospec 2000 UV/Vis spectrophotometer (Pharmacia Biotech, Cambridge, U.K.) was used for the phosphorus measurement. A Novaspec II spectrophotometer (Pharmacia Biotech) was used for COD analysis (close reflux method). Particle size distribution analysis was performed using a HIAC ROYCO 8000 particle counter (Pacific Scientific Instruments, Grants Pass, Oregon). The particles in the liquid swine manure were classified, according to their sizes, into the following groups: <2 mm, 2 to 3 mm, 3 to 5 mm, 5 to 7 mm, 7 to 10 mm, 10 to 12 mm, 12 to 15 mm, 15 to 20 mm, and >20 mm. All liquid manure samples were analyzed in duplicate for COD, TP, and TKN and in triplicate for BOD 5 , TSS, TDS, and particle size distribution to ensure reproducibility of analytical methods.
EXPERIMENTAL SETUP Bench−Scale Experiments
In the laboratory, a series of bench−scale experiments was performed to investigate the effectiveness of preliminary settling, coagulation, flocculation, sedimentation, and filtration on the removal of TSS, COD, and TP from liquid swine manure. Liquid manure sample was collected in 20 L buckets and transferred into a 0.2 m 3 PVC barrel (0.57 m diameter and 0.9 m deep) for preliminary settling for 24 h. The supernatant was collected from the top of the preliminary settled liquid manure in the PVC barrel and was subsequently used for alum treatment.
A PB−700 jar tester (Phipps and Bird, Richmond, Va.) with a six−paddle stirrer, illuminated−base, and six 2−liter B−KER square beakers was used for coagulation, flocculation, and sedimentation of the pre−settled liquid swine manure. Aluminum sulfate (alum; 32% w/w) from ClearTech (Saskatoon, Saskatchewan, Canada) was used as a coagulant. A series of jar tests was performed at a fixed alum dose of 1600 mg L −1 , which had been previously determined in our laboratory to achieve up to 70% reduction of total phosphorus from similar liquid swine manure samples (Zhu et al., 2004) . The alum−treated (AT) liquid swine manure was subjected to a sequential batch filtration with two Isopore polycarbonate membrane track−etched (PCTE) filters of 10 and 20 mm pore sizes (Millipore Corp., Billerica, Mass.). Filtration of preliminary settled (PS) supernatant using the same set of PCTE filters was also performed to study the effect of alum treatment. Aliquots of manure samples were analyzed after each treatment step for TSS, COD, TP, and particle size distribution.
Pilot−Scale Experiments
In the pilot−scale experiments, liquid swine manure was first pumped out from the lift station tank to a steel−built circular underground storage tank (diameter and height = 3.0 m) of approximately 20 m 3 (5000 U.S. gal) capacity. After preliminary settling for 24 h in this tank, the liquid manure supernatant was pumped to the treatment plant set up in an enclosed truck trailer. In this project, preliminary settled supernatant was collected at 0.5 m below the water level of the preliminary settling tank until the supernatant quality deteriorated, which typically occurred when the water level became lower than 1 m. This was done to ensure consistency in sample collection with respect to supernatant quality. The pilot−scale treatment plant was comprised of a customized sludge blanket clarifier equipped with inclined plate settlers, a filtration unit, three polyvinyl chloride (PVC) storage tanks, and PVC pipes and flexible hoses for connections. A schematic of the pilot plant is shown in figure 1. This pilot− scale treatment system has a capacity up to 6.3 × 10 −4 m 3 s −1 (10 U.S. gal min −1 ).
The sludge blanket clarifier was comprised of four adjoining tanks: a rapid−mixing tank for coagulation, a slow−mixing tank for flocculation, a froth and scum disposal tank, and a sludge blanket tank equipped with inclined plate settlers for settling and clarification. Initially, the rapid−mixing tank received the preliminary settled liquid manure supernatant from the underground preliminary settling tank using a centrifugal pump. Alum solution was fed into the rapid−mixing tank with a peristaltic pump at a controlled flow rate to achieve an alum dose of 1600 mg L −1 . The coagulated liquid manure supernatant in the rapid−mixing tank was fed into the slow−mixing tank by gravity, where flocculation was achieved. The flocculated supernatant then proceeded to the sludge blanket clarifier. The supernatant was introduced to the sludge blanket tank from the bottom through a perforated plate. Manure supernatant from the clarifier flowed under gravity into the side troughs of the sludge blanket tank through orifices provided on the walls separating the tank and the troughs at the top of the clarifier. The troughs were further connected to a storage tank from which the clarified liquid swine manure was fed to the filtration unit. In this project, a total of three filters (patented Martin filters, radial−fluidizable granular media type, John Martin Co., Wichita Falls, Texas) with different pore size glass bead media (Mil−spec 5, 8, and 10) were used in series from coarser to finer media. Table 1 presents the Mil−spec specification and the corresponding void size for the glass bead media used in this study. The filters worked on a down−flow (gravity) arrangement. The feed was provided at the top of the filter, and the filtered effluent was collected from the bottom and fed into the top of the next filter. The effluent of the third filter was collected in a storage tank. Filtrate samples were collected from sampling ports provided on each filter and analyzed along with the samples from previous steps for TSS, COD, TP, and particle size distribution.
RESULTS AND DISCUSSION
RAW SWINE MANURE CHARACTERISTICS
Before applying any treatment, it is very important to understand the physical and chemical characteristics of the material to be treated. Important properties for liquid manure collection, storage, handling, and utilization include the solids content and the size and makeup of solids. Nitrogen, phosphorus, and organic contents are important for liquid manure land application and other management practices. The characteristics of the raw liquid swine manure treated in this study are summarized in table 2.
It should be noted that swine manure characteristics varied significantly from sample to sample due to many factors, such as animal age, feed type, water consumption for flushing, on−site operations, seasonal conditions, and other manure management practices (Powers and Flatow, 2002; ASAE, 2003) . Sample collection, handling, and storage are other very important factors that can affect manure characteristics.
Total suspended solids concentration and other wastewater quality parameters of the liquid manure samples brought during the bench−scale experiments were 2.5 to 3.3 times higher, as compared to those of the samples brought during the pilot−scale experiments, except for TDS (table 2) . With regard to the raw liquid swine manure utilized in the bench−scale experiments, it was noticed that the manure was kept inside the lift station for a few days due to some maintenance in the delivery pump system and its lines. Consequently, the stagnated manure contained comparatively higher suspended solids, phosphorus, nitrogen, and organic contents.
BENCH−SCALE EXPERIMENTS Removal of TSS and TP
Figures 2 and 3 show the effect of a sequence of physical and chemical processes on the removal of TSS and TP, respectively, from the liquid swine manure during the bench−scale experiments. Approximately 56% of TSS and 28% of TP were removed during the preliminary settling. In our previous study (Zhu et al., 2004) , we found that the preliminary settling time had an effect on TSS removal within only the first 24 h, which was confirmed in this study as well (data not shown). Preliminary settling is a naturally occurring solid/liquid separation process that employs gravitational force to separate relatively heavy solids in the animal manure and has been described as an economical mean of manure pretreatment (Powers et al., 1995; Worley and Das, 2000; Ndegwa et al., 2001 ). An additional 22% and 7% of initial TSS were removed by alum treatment and filtration, respectively, with 10 mm pore size filters, whereas 23% and 13% of initial TP were removed in the respective treatments. The effect of alum treatment on both TSS and TP removal was evident as the filtrates of the preliminary settled supernatant contained higher levels of TSS and TP than those of the alum−treated supernatant. 
Particle Size Distribution and Phosphorus Fractionation
It is known that phosphorus is mostly associated with fine particles and colloids in animal manure (Pietilainen and Rekolainen, 1991) and that phosphorus can be associated with a continuum of <0.45 mm sized particles (Haygarth and Sharpley, 2000) . After preliminary settling, a major portion (>50%, as shown in fig. 2 ) of TSS was removed, while TP removal was moderate (28%, as shown in fig. 3 ). It was also noticed that higher TP removal occurred with alum treatment (AT) and filtration (AT filtrates) than with filtration without alum treatment (PS filtrates).
This suggests that more phosphorus in the liquid manure was associated with finer solids and colloids, which can only be removed efficiently by alum treatment and filtration. To explore this issue further, raw and treated liquid manure samples were analyzed for particle size distribution as well as total and total dissolved phosphorus in the filtered samples. The solid particles in the liquid manure were classified into different size groups ranging from <2 mm to 20 mm. It should be noted that the total dissolved phosphorus here was determined using 1.0 mm pore size filters rather than the standard 0.45 mm filters due to a clogging problem, as described earlier in the Materials and Methods section. Thus, TP (unf), TP (<1.0 mm), and TP (>1.0 mm) are used here to Sample ID [a] TP (<1.0 µm) = total phosphorus, filtered sample using a 1.0 µm pore sized filter (i.e., total dissolved phosphorus), TP (>1.0 µm) = particulate phosphorus, and TP (unf) = total phosphorus, unfiltered sample. The particle size range is based on the filter pore size (i.e., 10 and 20 µm). TP (unf) = total phosphorus, unfiltered sample, and TP (<1.0 µm) = total phosphorus, filtered sample using 1.0 µm pore sized filter (i.e., total dissolved phosphorus).
represent unfiltered total phosphorus, total dissolved phosphorus, and particulate phosphorus, respectively, as recommended by Haygarth and Sharpley (2000) . The particle size distribution and phosphorus analysis results are presented in figure 4 and table 3, respectively.
The particle size distribution analysis demonstrated that as much as 85% of the particles present in the raw and treated swine manure samples were <10 mm in size. Removal of such small particles was mostly achieved by alum coagulation/ flocculation followed by sedimentation and filtration, while preliminary settling and filtration with 20 mm filters alone had very little impact on these small particles ( fig. 4) . Phosphorus analysis results showed that most of the phosphorus was present as TP (<1.0 mm) in the raw liquid swine manure and that alum coagulation/flocculation followed by sedimentation considerably reduced its concentration. By fractionating phosphorus by particle size based on the filter pore size (table 4), it can be seen that TP (<1.0 mm) in the liquid manure was associated with very fine solids or colloidal matters, which could not be removed by filtration alone using 10 mm filters without coagulation, flocculation, and sedimentation. Alum addition induced the formation of sparingly soluble aluminum phosphate (AlPO 4 ) and subsequently produced coagulated and flocculated particles containing AlPO 4 that could be removed effectively by subsequent filtration. The formation of particulate phosphorus, i.e., TP (>1.0 mm), by alum treatment is also evident by comparing phosphorus concentrations in the "preliminary settled" and "pre−settled and alum−treated" liquid swine manure shown in table 3. Thus, effective coagulation, flocculation, and sedimentation are considered to be critical for removing phosphorus from liquid swine manure.
PILOT−SCALE EXPERIMENTS Effect of Preliminary Settling
During the pilot−scale treatment, approximately 53% of initial TSS and 22% of initial TP were removed after preliminary settling of raw liquid swine manure for 24 h (figs. 5 and 6), which is comparable to the results of the bench−scale experiments. Ndegwa et al. (2001) reported 66% and 42% removal of TSS and TP, respectively, by unaided natural sedimentation of raw liquid swine manure for 10 days. Preliminary settling is considered an important step for removing a major portion of TSS before chemical treatment, although it is less effective in TP removal.
Operational Performance of the Sludge Blanket Clarifier
As identified in the bench−scale experiments, the clarification of liquid swine manure by alum coagulation, flocculation, and sedimentation was considered a key component that should be optimized during the operation of the pilot−scale treatment system, in which a customized sludge blanket clarifier equipped with inclined plate settlers was employed for this purpose. The clarification involved coagulation in the rapid−mix tank, flocculation in the slow−mix tank, and finally settling in the sludge blanket clarifier. After a few initial start−up trials, the clarifier ran successfully. During the initial operation, it was observed that small chunks of scum accumulated on top of the clarifier and moved along with the supernatant, which deteriorated the treatment efficiency. Therefore, scum was removed regularly from the top of the clarifier, which led to steady and good treatment efficiency. The performance of the clarifier in terms of percent removal of TSS and TP was tested at two different flow rates: 3.2 × 10 −4 and 5.0 × 10 −4 m 3 s −1 (5.0 and 8.0 U.S. gal min −1 , respectively). The percent removal was improved slightly (about 5%) when the smaller flow rate was applied. This minor improvement can be attributed to the increase in the hydraulic retention time of the slow and rapid mix tanks as well as the clarifier. The higher flow rate (i.e., 5.0 × 10 −4 m 3 s −1 ) was subsequently chosen to run the clarifier. Based on this setting, the clarification removed approximately 16% of initial TSS and 30% of initial TP from the preliminary settled liquid swine manure (figs. 5 and 6).
Operational Performance of the Filtration Unit
The three filters, each containing one of three different sizes of glass bead media (Mil−spec 5, 8, and 10), were used in series in a coarse−to−fine arrangement (table 1). The filtration unit was operated at a flow rate of 6.3 × 10 −4 m 3 s −1 (10 U.S. gal min −1 ). During the filtration, the operational parameters, such as in−line pressure and flow rate, were monitored on a regular interval. In−line backpressure (in kPa) and flow rate (in m 3 s −1 ) were proportional to each other (data not shown). At the start of filtration, both flow rate and backpressure increased simultaneously to a point where the flow rate was kept constant at 6.3 × 10 −4 m 3 s −1 and the backpressure was approximately 235 kPa. The filters ran smoothly without any major clogging problems for 1 h.
During filtration, about 7% of initial TSS and 23% of initial TP were removed from the clarified liquid manure (figs. 5 and 6). These removals occurred mainly after the first filter with Mil−spec 5 filter media, which corresponded to a void size range of 21.0 to 29.4 mm. The second and third filters, with smaller void size ranges, removed additional TSS and TP only marginally. This was confirmed by the particle size distribution analysis ( fig. 7 ). 
Residual Sludge Management
At the end of pilot-scale experiment, approximately 70% of the initial mass of TSS and 50% of the initial mass of TP was removed as sludge at the bottom of the preliminary settling tank. The sludge volume accounted for approximately 36% of the initial raw manure volume. This pre-settled sludge was transported to a landfill. Alternatively, the pre-settled sludge can be mixed with sawdust and composted . In addition to the pre-settled sludge, relatively small amounts of alum sludge were withdrawn periodically (roughly once in three days) as waste from the bottom of the sludge blanket clarifier. This alum sludge was combined, mixed with woody mulch, and composted, as had been done in our previous study (Zhu et al., 2004) . Worley and Das (2000) reported that there was no adverse effect on the composting process when swine manure sludge with up to 2900 mg L −1 alum was used.
Performance Comparison Between Bench-Scale and Pilot-Scale Experiments
Despite the fact that the initial TSS and TP concentrations were considerably different between the treated liquid swine manure samples, the overall performance of the pilot-scale treatment system was comparable to the bench-scale laboratory treatment experiments in terms of TSS and TP removal: 76.3% and 75.6% reduction in the pilot plant, and 85.2% and 63.7% reduction in the laboratory, respectively. These results are comparable to those of our previous bench-scale experiments on similar liquid swine manure samples (Zhu et al., 2004) . The minor differences in the removal efficiencies may be due to the variations in the raw manure quality, the effectiveness of alum coagulation and flocculation, and the addition of filtration to the treatment train.
The results obtained in this study are also comparable to those in previous physical/chemical treatment studies without filtration. Worley and Das (2000) achieved 70% and 75% removals of total solids and TP, respectively, from liquid swine manure with 5000 mg L −1 alum in a settling basin of about 250 m 3 capacity. Ndegwa et al. (2001) reported very high removal efficiencies of 96% and 86% for TSS and TP, respectively, by alum-amended natural sedimentation of liquid swine manure (10 g L −1 total solids) at an alum dose of 1500 mg L −1 . However, the study of Ndegwa et al. (2001) was conducted at a bench scale in a batch mode with extended sedimentation times of up to 10 days. Thus, addition of the filtration step to the liquid swine manure physical/chemical treatment system that has been investigated in this study can be a good alternative to large storage basins or tanks because of the shorter hydraulic retention time, smaller footprint requirement, and higher treatment efficiencies.
Removal of COD, TDS, and TKN
Preliminary settling of raw liquid swine manure reduced COD by 21%, and additional COD reduction during the clarification step was very small (<5% of initial COD in the raw liquid manure). Due to the physical/chemical nature of the treatment employed in this study, dissolved organic matter was not effectively removed. A nearly consistent percent COD reduction was achieved during the bench-scale experiments.
There was no marked decrease noticed in TDS concentration during the swine manure treatment. In our bench-and pilot-scale experiments, TDS values remained fairly constant for treated and untreated samples, ranging from 4700 to 5000 mg L −1 , with a mean and standard deviation of 4776 and 205 mg L −1 , respectively. This indicates that the physical/chemical treatment system was not effective in removing TDS. To achieve the TDS removal, additional treatment process such as membrane filtration (ultrafiltration and reverse osmosis) and biological treatment would be needed (Tchobanoglous and Burton, 1991; Zhu, 2000) . A high concentration of TDS (>3000 mg L −1 ) in the treated liquid swine manure is considered to be harmful to animals for drinking (Canadian Council of Ministers of the Environment, 1999), but it may be used by blending and diluting it with fresh water (Navaratnaswamy et al., 2004) or be reused in flushing the manure in the barns.
Neither the pilot plant operations nor the bench-scale experiments were effective in removing nitrogen from the liquid swine manure samples. In the pilot plant experiments, TKN concentration in the liquid manure varied from 1250 to 1400 mg L −1 , with a mean value of 1302 mg L −1 and a standard deviation of 37.4 mg L −1 . Gilmour et al. (2004) also reported the ineffectiveness of alum treatment in nitrogen removal from poultry wastes. A separate study is currently on-going in our laboratory to investigate the effect of land application on nitrogen reduction in the chemically treated liquid swine manure.
CONCLUSIONS
In this project, the effectiveness of physical/chemical treatment was evaluated on flushed (i.e., liquid) swine manure. Both bench-and pilot-scale treatments were carried out, and the results obtained in these settings were compared. The following conclusion can be drawn from this study:
S Swine manure characteristics varied substantially from sample to sample. Water consumption (drinking, cleaning, and spillage) at the swine barn was found to be a major factor that contributed to the variations in manure characteristics. S Natural, preliminary settling prior to chemical treatment was found to be very effective in the removal of suspended solids from the liquid swine manures. S While preliminary settling was responsible for the major TSS removal, alum coagulation, clarification, and filtration contributed to the greater fraction of TP reductions. The pilot-scale clarifier and filter units performed well. S Approximately 70% and 50% of the initial mass of TSS and TP was removed from the liquid swine manure, respectively, as preliminary settling sludge in the pilotscale experiment. The sludge volume accounted for approximately 36% of the volume of initial raw manure. S Filtration removed finer particles and phosphorus from the clarified liquid swine manure, although filtration without alum coagulation was much less effective. S Overall TSS and TP removal efficiencies were 85% and 64% during the bench-scale treatment and 76% and 75% during the pilot plant treatment, respectively. The results obtained from the pilot plant and from the laboratory were fairly consistent. S Moderate COD removal was achieved by the physical/ chemical treatment employed in this study. The highest COD removal efficiencies were 27%. S The physical/chemical treatment was not effective in reducing TDS and TKN in swine liquid manure. High concentration of TDS (>3000 mg L −1 ) in the treated liquid manure can be harmful to animals for drinking, although it can be utilized in flushing the manure in the barns. S Particle count analysis indicated that about 85% of the suspended solids present in the raw and treated liquid swine manure samples were <10 mm in size. It was also found that the majority of phosphorus was associated with this fraction of suspended solids. Thus, effective coagulation, flocculation, sedimentation, and filtration are the critical operations for successful removal of phosphorus from liquid swine manure. S The use of alum alone might not be cost-effective on a large scale (e.g., on-site treatment plants). Therefore, further pilot-scale research should be conducted on the use of combinations of alum and polymers.
